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Some capsid proteins built on the ubiquitous HK97-
fold have accessory domains imparting specific
functions. Bacteriophage P22 coat protein has a
unique insertion domain (I-domain). Two prior
I-domain models from subnanometer cryoelectron
microscopy (cryoEM) reconstructions differed sub-
stantially. Therefore, the I-domain’s nuclearmagnetic
resonancestructurewasdeterminedandalsoused to
improvecryoEMmodelsof coatprotein.The I-domain
has an antiparallel six-stranded b-barrel fold, not
previously observed in HK97-fold accessory do-
mains. The D-loop, which is dynamic in the isolated
I-domain and intact monomeric coat protein, forms
stabilizing salt bridges between adjacent capsomers
in procapsids. The S-loop is important for capsid size
determination, likely through intrasubunit interac-
tions. Ten of 18 coat protein temperature-sensitive-
folding substitutions are in the I-domain, indicating
its importance in folding and stability. Several are
found on a positively charged face of the b-barrel
that anchors the I-domain to a negatively charged
surface of the coat protein HK97-core.
INTRODUCTION
Viruses are self-contained infectious agents that target all types
of organisms, ranging from animals and plants to bacteria and
archaea. The basic function of a virus is to encode a genome
that takes over the host’s machinery in order to replicate. Icosa-
hedral viruses also encode proteins that form a capsid, to protect
the genome from the environment and host defenses. Viruses
that specifically target bacteria, called bacteriophages or
phages, are ubiquitous in nature and share many of the proper-
ties and replication mechanisms of viruses important in human
diseases. Phage P22 is a paradigm for the assembly of dou-
ble-stranded DNA (dsDNA)-containing viruses (Ha¨user et al.,
2012; Teschke and Parent, 2010), including human viruses830 Structure 22, 830–841, June 10, 2014 ª2014 Elsevier Ltd All righsuch as herpesvirus. The initial product of virion assembly for
both tailed phages and herpesviruses is a precursor capsid
(Figure 1A), known as a procapsid (Brown and Newcomb,
2011; Prevelige and King, 1993). In the assembly of the T = 7
phage P22 procapsids, 415 molecules of the major capsid
protein known as coat protein interact with60 to 300molecules
of scaffolding protein, an assembly chaperone. Several injection
proteins are added during assembly, and a portal protein com-
plex is incorporated in 1 of 12 vertices (Earnshaw and Casjens,
1980). The dsDNA is packaged through the portal vertex, trig-
gering scaffolding protein exit, capsid expansion, and matura-
tion of the virus.
Coat proteins of tailed phages such as P22, the archaeal virus
HSTV-1, herpesviruses, the encapsulins, and small virus-like
particles from archaea, have no sequence homology but share
a conserved HK97-fold (Abrescia et al., 2012; Akita et al., 2007;
Baker et al., 2005; Pietila¨ et al., 2013; Sutter et al., 2008). The
HK97-fold is named after the first high-resolution structure for
this class of protein (Figure 1B), the coat protein of phage
HK97 (Wikoff et al., 2000). This protein fold can be considered
the most common in nature, as dsDNA-tailed phages are the
most populous entities in the biosphere (Krupovic et al., 2011;
Suttle, 2007). In the capsid, the coat protein subunits are
arranged into pentons and hexons (capsomers) with icosahedral
symmetry. Some coat proteins built around the conserved
HK97-fold have accessory domains. These often stabilize inter-
and/or intracapsomer interactions or serve other functions
(Fokine et al., 2005a, 2005b;Morais et al., 2005). The coat protein
of phage P22 has a nonconserved accessory domain, inserted
between the A- and P-domains (Figure 1C, magenta). Here we
refer to this nonconserved module as the insertion domain or
I-domain. Initially named the ED (extra density) (Chen et al.,
2011; Jiang et al., 2003), or telokin-like domain (Parent et al.,
2010; Teschke and Parent, 2010), the function of the I-domain
has not been unequivocally established. The I-domain has
been suggested to stabilize P22 coat protein monomers (Parent
et al., 2010; Suhanovsky and Teschke, 2013; Teschke and
Parent, 2010) or to stabilize intersubunit interactions via a long
loop segment that interacts with an adjacent coat protein in the
capsid (Chen et al., 2011). Other data point to the I-domain’s
involvement in capsid size determination (Suhanovsky and
Teschke, 2011). Two independent low-resolution structuralts reserved
Figure 1. Components of P22 Phage Assembly
(A) Assembly of bacteriophage P22.
(B) Crystal structure of HK97 coat protein (PDB accession number 1OHG).
(C) Model of the P22 coat protein subunit from the subnanometer-resolution cryoEM reconstruction of the mature capsid (PDB accession number 3IYH, Electron
Microscopy Data Bank accession number 5150).
The I-domain is shown in magenta.
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I-Domain Structure from P22 Coat Proteinmodels of the P22 coat protein have been obtained from recon-
structions of cryoelectronmicroscopy (cryoEM) data (Chen et al.,
2011; Parent et al., 2010). Although the HK97-core of these coat
protein models is similar, the nonconserved I-domains show
marked differences, making it difficult to reconcile biochemical
and genetic data with the structures. Because P22 capsids are
often used as a platform for nanotechnology and display (Parent
et al., 2012a; Patterson et al., 2014), fully understanding the
structure of coat protein is crucial.
Here we describe the nuclear magnetic resonance (NMR)
solution structure of the isolated I-domain from phage P22
coat protein. The NMR structure shows that the domain folds
into a six-stranded b-barrel related to the reductase/isom-
erase/elongation factor (RIEf) fold, and this structure differs
substantially from both previous cryoEMmodels of the I-domain.
The NMR structure is used in conjunction with 3.8 A˚ cryoEM data
from procapsids to develop a refined model of the I-domain, as
well as the full-length P22 coat protein. On the basis of the
improved model, the I-domain appears to play roles in capsid
stabilization and monomer folding, in large part through electro-
static complementation between the I-domain and the HK97-
core of coat protein.
RESULTS
NMR Structure of the I-Domain
The solution structure of the I-domain (Figure 2; Table 1) was
determined using a segment of the intact P22 coat protein en-Structure 22,compassing residues 223 to 345. This fragment was shown
to adopt a stable tertiary structure by protease digestion, circu-
lar dichroism, and two-dimensional NMR (Rizzo et al., 2013;
Suhanovsky and Teschke, 2013). The core of the I-domain
consists of a six-stranded antiparallel Greek key b-barrel (Fig-
ures 2A and 2B) with a shear number of S = 10 (Murzin et al.,
1994) and a 1, +3, +1, 5, +5 topology (Richardson, 1981).
In Figure 2, the strands of the barrel are colored in dark to light
magenta, moving from the N to the C terminus of the protein.
Strands 1 and 6 close the barrel, bringing the N and C termini
of the I-domain in close proximity (Figures 2A and 2B). Outside
of the b-barrel core, there is a small 1.5-turn a helix (light blue)
and a short three-stranded b sheet (dark to light orange)
with a +1, 1x strand connectivity. Strand i of the short sheet
extends from strand 3 of the b-barrel, while strands ii and iii
and the short a helix follow from strand 5 of the b-barrel (Fig-
ure 2C). Strand 5 of the b-barrel is terminated by a proline in a
cis configuration based on characteristic nuclear Overhauser
enhancements (NOEs) and chemical shifts (Shen and Bax,
2010). The cis peptide bond causes a bend in the chain
following strand 5, which positions the small accessory b sheet
and a helix at the bottom end of the barrel, opposite the
I-domain chain termini. The top of the barrel, on the side nearest
the N and C termini, is capped by mostly rigid loop connections
between strands b2-b3 and b4-b5. In full-length coat protein,
the N and C termini of the I-domain would be connected to
domains A and P, further sheltering the top of the six-stranded
b-barrel.830–841, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 831
Figure 2. NMR Structure of the I-Domain
(A) Stereo diagram showing the backbones of the
final 30 lowest energy NMR structures. The six
strands that comprise the b-barrel are colored with
a gradient going from dark purple (N terminus) to
light purple (C terminus). Secondary structure
outside the b-barrel core includes a small three-
stranded b sheet (orange) and a two-turn a helix
(light blue).
(B) Ribbon diagram of the NMR structure closest
to the ensemble average, with the coloring
scheme described above.
(C) Topology diagram of the I-domain structure, as
generated with the Pro-origami server (Stivala
et al., 2011). The sequence position of each sec-
ondary structure element is given in the figure. The
blue box indicates the major domain.
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I-Domain Structure from P22 Coat ProteinExcept for the N and C termini and the two long loops, the
NMR structure of the I-domain is well defined (Figure 2A),
with a mean backbone root-mean-square deviation (RMSD)
of 0.48 A˚ over 90 rigid amino acids of 123 total. The side
chains in the rigid core of the I-domain are also well defined,
with a mean heavy-atom rmsd of 1.0 A˚. Many of the hydro-
phobic residues in the core of the b-barrel show unique
side-chain conformations (Figure S1A available online). The
side chains of residues positioned on the solvent-accessible
surface of the b-barrel often also have unique conformations
(Figure S1B).
Backbone Dynamics of the I-Domain
The backbone dynamics of the I-domain were characterized
by 15N T1, T2, and 1H-15N NOE relaxation measurements
(Alexandrescu et al., 1996; Farrow et al., 1994). A model-free
analysis (Lipari and Szabo, 1982) of the 15N relaxation data
was used to extract timescales (not shown) and amplitudes
(S2-order parameters) for internal motions (Figure 3A). The S2-
order parameter varies from a value of 1 in the limit of no internal
dynamics to a value of 0 in the limit of unrestricted motion. The
b-barrel of the I-domain is rigid, with S2 values close to 1.0, as
is the accessory structure consisting of the short three-stranded
b sheet and a helix (Figure 3A). Most of the loop segments
connecting elements of regular secondary structure are also
rigid on the pico- to nanosecond timescale. Regions of the
I-domain that show S2-order parameters below 0.85, indicative832 Structure 22, 830–841, June 10, 2014 ª2014 Elsevier Ltd All rights reservedof flexibility, are designated by the red
symbols in Figure 3A. Flexible regions
include the chain termini, residue G266
in a turn between strands 2 and 3 of the
b-barrel, and two long loops. The first
long loop is named the D-loop or ‘‘pro-
truding loop’’ (residues V239–N254),
according to previous convention (Chen
et al., 2011). We shall refer to the second
loop as the S-loop or ‘‘size determination
loop’’ (residues L281–Q291), because
mutations that affect capsid size such
as A285T (Suhanovsky and Teschke,
2011) occur in this segment.Figure 3B shows that the S2-order parameters, which monitor
flexibility on the pico- to nanosecond timescale, are correlated
with the precision of theNMR structure. The regions that are least
precisely defined in the NMR structure are colored in red in Fig-
ure 3B and correspond to segments that are most dynamic as
determined by the 15N relaxation data (Figure 3A). The dynamics
of the I-domain were further explored using trypsin proteolysis
(Figure 3C). A time course of trypsin digestion of the I-domain
was carried out and analyzed by tricine SDS-PAGE, followed by
in-gel digestion of the tryptic peptides, separation of fragments
using liquid chromatography, and peptide identification by mass
spectrometry. The arrows in Figure 3B show the predicted trypsin
cleavage sites in the I-domain. Black arrows indicate trypsin sites
that were not cleaved, with all four falling in the rigid parts of the
I-domain. Green arrows indicate trypsin sites that were cut (Fig-
ure 3C). Five of the cut cleavage sites are in the flexible regions
of the I-domain, including the D- and S-loop and G266 in the
turn between the second and third of the b-barrel. A sixth trypsin
site occurs at E323 at the beginning of the short a helix, which
corresponds to a site with intermediate flexibility (S2 = 0.89).
The flexibility of the D- and S-loops could be intrinsic or could
result from studying the I-domain in isolation from the rest of the
coat protein for the NMR studies. The solvent accessibility of the
I-domain in the context of the full-length coat protein was inves-
tigated using the protein footprinting method fast photochemical
oxidation of proteins (FPOP), coupled with mass spectrometry
(Hambly and Gross, 2005). This method uses hydroxyl radicals
Table 1. Statistics for the 30 Lowest-Energy I-Domain NMR
Structures
Experimental Restraints
Total number of experimental restraints 4,169
Total number of NOE-based distance
restraints
3,947
Unambiguous 3,560
Ambiguous 387
Long-range (ji  jjR 5) 1,323
Medium-range (ji  jj < 5) 349
Sequential 894
Intraresidue 1,381
Total number of dihedral restraints 172
4/c 154
c1 18
Hydrogen bond restraints (2/hydrogen
bond)
50
Rmsd from Ideal Geometry
Bonds (A˚) 0.0030 ± 0.0001
Angles () 0.47 ± 0.01
Improper angles () 1.41 ± 0.06
Rmsd from Experimental Restraints
NOE distance (A˚) 0.0138 ± 0.001
Dihedral () 0.59 ± 0.05
Rmsd from Mean Structure
Entire structure, backbone (A˚) 1.90 ± 0.42
Entire structure, heavy atoms (A˚) 2.30 ± 0.39
Ordered regions, backbone (A˚)a 0.48 ± 0.08
Ordered regions, heavy atoms (A˚)a 0.87 ± 0.07
Violations
>0.3 A˚ 0
>5 0
Ramachandran Plot-Prochecka
Most favored (%) 86.8
Additionally allowed (%) 13.0
Generously allowed (%) 0.3
Disallowed (%) 0.0
Quality Z Scores from PSVSa,b
Procheck (4/c) 2.68
Molprobity Clash 2.22
aCalculated over residues 228 to 239, 256 to 280, and 294 to 345.
bCalculated using the Protein Structure Validation Suite (Bhattacharya
et al., 2007).
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I-Domain Structure from P22 Coat Proteinto oxidatively modify solvent-accessible side chains. Because
the reactivity of the hydroxyl radical is residue dependent, it is
difficult to compare differences in oxidative modification be-
tween peptides that have different amino acid compositions.
Thus, to compare modification levels within the coat protein,
we calculated a modifiable fraction. This fraction is determined
from the extent of modification and scales with respect to the dif-
ferences in amino acid reactivity (see Supplemental Experi-
mental Procedures). Three tryptic peptides, 256–268, 273–279,
and 312–325 (Figure 3D), showed minimal modification (modifi-Structure 22,able fraction% 1). Peptide 256–268 is part of the rigid b2 strand.
Peptide 273–279 encompasses strands b3 from the barrel and bi
from the short sheet, both of which are rigid. Similarly, peptide
312–325 consists of the rigid strand bii and the short a helix.
By contrast, significant FPOP modification was observed for
peptides that overlap with the dynamic D-loop (238–249 and
250–268) and S-loop (280–286), indicating that these I-domain
segments are also flexible in the full-length coat protein
monomers.
Fitting of the I-Domain Structure into the P22 Coat
Protein CryoEM Density
In Figure 4, the NMR structure of the I-domain (Figure 4A) is
compared with the two previous structural models of the intact
P22 coat protein from reconstructions of cryoEM data obtained
at resolutions of 8.2 A˚ (Protein Data Bank [PDB] accession
number 3IYI; Parent et al., 2010) (Figure 4B) and 3.8 A˚ (PDB
accession number 2XYY; Chen et al., 2011) (Figure 4C). In the
structural model based on the 8.2 A˚ data (Figure 4B), a threading
protocol was used to identify structural motifs with similar amino
acidsequenceprofiles to the I-domain. The topcandidatewas the
telokin-fold, an immunoglobulin (Ig)-like b sandwich (Figure 4B).
Ig-like motifs occur often as extra domains in virus and phage
coat proteins (Pell et al., 2010), whereas the six-stranded b-barrel
fold evinced by the NMR I-domain structure has, to our knowl-
edge, not been previously reported in a coat protein. The 8.2 A˚
model captures the all-b sheet character of the NMR structure,
except that the sequence positions of the b strands differ, prob-
ably as an artifact of the threading protocol. In addition, rather
than forming a closed b-barrel with orthogonal packing, the
I-domain in the cryoEMmodel forms a b sandwichwith an aligned
packingof theb strands. Theb sandwichconsistsof twob sheets,
roughly corresponding to the NMR structure’s strands b1-b2-bi
for the first b sheet and strands b3-b4-b5 for the second b sheet.
Residues beyond V313, the start of strand bii in the small sheet of
the NMR structure, could not be modeled in the 8.2 A˚ cryoEM
data. Although there is some similarity in the first b sheet, with
the 12 residues F236 to G247 in the hairpin between strand b1
and b2 giving a Ca rmsd of 3.1 A˚ between the two structures,
the difference between the b-barrel fold in the NMR structure
and the b sandwich fold in the electron microscopic structure
gives a global rmsd of 17.8 A˚ when all 84 equivalent atoms are
compared using the program SuperPose (Maiti et al., 2004).
A second structure for the I-domain (Figure 4C) was deter-
mined directly from the 3.8 A˚ cryoEM data (Chen et al., 2011).
When aligned, the NMR-derived I-domain structure had an
rmsd of 20.7 A˚ over 82 equivalent Ca atoms in comparison
with the Chen procapsid model. Like the lower resolution Parent
model described above, the model based on the 3.8 A˚ cryoEM
density map also shows considerable differences from the
NMR structure of the I-domain, with an rmsd of 25.0 A˚ over all
114 equivalent Ca positions. Although much of the secondary
structure is captured in the 3.8 A˚ cryoEMmodel, the connectivity
of the elements is considerably different in the NMR structure,
likely because of the limited resolution of the cryoEM density
map in this region. Despite their differences, there are some
overall similarities. Strands b2-b4-b5 of the NMR structure
match well with corresponding strands in the 3.8 A˚ cryoEM
model, when connectivity and sequence assignment are not830–841, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 833
Figure 3. Dynamics of the I-Domain
(A) Backbone dynamics of the I-domain. S2-order parameters above 0.85 indicative of rigid structure are shown in blue; those lower than 0.85 corresponding to
flexible regions are shown in red. Elements of regular secondary structure in the I-domain are indicated at the bottom of the plot.
(B) NMR ensemble of the I-domain showing the agreement between the precision of the backbone in the NMR structures and S2-order parameters. The coloring
scheme is the same as in (A).
(C) Time course for trypsin digestion of the I-domain followed by 16% tricine SDS-PAGE. Peptides from proteolytic cleavage were analyzed by in-gel digestion
and liquid chromatography coupled with tandemmass spectrometry. Arrows in (B) indicate all possible trypsin cut sites within the I-domain. The green arrows are
sites where cleavage occurred, while black arrows are sites resistant to trypsin.
(D) Footprinting of the I-domain in the full-length protein using FPOP and mass spectrometry. The red bars show the normalized modification levels of peptides
compared with peptide 312-325.
Error bars in (A) depict uncertainties for S2-order parameters obtained from model-free calculations and (D) the modifiable fraction ratios obtained from FPOP
labeling experiments.
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I-Domain Structure from P22 Coat Proteinconsidered. Both structures clearly show a long D-loop (Fig-
ure 2C), although this corresponds to residues V239 to N254 in
the NMR structure, rather than T258 to G277 in the 3.8 A˚ cryoEM
model. Overall, the D-loop in the NMR structure is negatively
charged with one basic (K249) and three acidic (D244, D246,
and D253) residues, while it was positively charged in the 3.8 A˚
cryoEMmodel (Chen et al., 2011). An a helix is seen in both struc-
tures, but in the NMR model, it is formed by residues P322 to
Y327 rather than V278 to L289 in the cryoEM model.
To obtain an improvedmodel of the P22 coat protein, the NMR
structure of I-domain was fit into the 3.8 A˚ cryoEM density map
for the P22 procapsid and the 4 A˚ mature virion map using Fold-
hunter (Jiang et al., 2001) (Figures 4D and 4E). The overall corre-834 Structure 22, 830–841, June 10, 2014 ª2014 Elsevier Ltd All righlation value for the I-domain fit was between 0.65 and 0.68, with
50% to 56% of the residues encompassed by the density map
depending on the fitted monomer from the NMR ensemble. In all
of the fits, portions of the termini as well as the D- and S-loops,
appeared to be shifted outside of the density, probably because
these are dynamically disordered on the basis of the NMR, pro-
teolysis, and FPOP data (Figure 3). To best model these portions
of the I-domain structure, the cryoEMmodel and the NMR struc-
ture were combined as described in Experimental Procedures.
Once a single-subunit model was constructed, it was trans-
formed into all subunits in the asymmetric unit and once again
refined using Phenix (Figures 4F and 4G). The I-domain compo-
nent of the refined cryoEM model had a global rmsd of 4.2 tots reserved
Figure 4. Comparison of Structural Models
for the I-Domain
(A) Ribbon diagram of the I-domain NMR structure
colored according to residue position in the
sequence (N terminus, blue; C terminus, red).
(B) Model of the I-domain structure from the 8.2 A˚
cryoEM reconstruction (Parent et al., 2010). The
coloring scheme is identical to that in (A), but
residues 314 to 345 (red) could not be modeled
using the cryoEM data.
(C) Model of the I-domain structure from the 3.8 A˚
cryoEM reconstruction (Chen et al., 2011). This
model has only Ca atoms, so secondary structure
elements are not identified. The colors indicating
the sequential order of segments are directly
comparable with those in (A).
(D) Refined P22 capsid protein, containing the
I-domain NMR structure, from the 3.8 A˚ procapsid
cryoEM density map.
(E) Refined P22 capsid protein, containing the
I-domain NMR structure, from the 4.0 A˚ mature
virion cryoEM density map.
(F) CryoEM density map refined model of the P22
procapsid asymmetric unit.
(G) CryoEM density map refined model of the P22
virion asymmetric unit.
In (D) and (E), the I-domain is rainbow colored as in
(A). The arrows point to the F-loop. In (F) and (G),
individual P22 coat protein subunits are colored
and superimposed on the respective cryoEM
density maps (gray).
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I-Domain Structure from P22 Coat Protein5.4 A˚ compared with the ensemble of NMR I-domain models,
with the majority of the differences occurring at the flexible
termini and the D- and S-loops. Overall, the constructed models
of the full-length coat protein fit nicely within the cryoEM density
maps (Figures 4F and 4G).
Localization of the NMR ensemble models to the P22 cryoEM
density maps with Foldhunter revealed similar fits to the ED
domain of the capsid protein. Model 28 of the ensemble had
the highest correlations to the procapsid and mature virion
density maps (0.734 and 0.331, respectively). After refinement
of this model, in the context of the entire capsid protein, the
correlations of the capsid protein models to the procapsid
and mature virion density maps improved to 0.78 and 0.56,
respectively. Superposition of the NMR model with the
density-refined capsid protein showed rmsd values of 4.85
and 5.09 A˚ to the procapsid and mature virion models, respec-
tively. It should be noted that the majority of the differences in
the structure were located in three regions on the NMR model:
the D-loop, the S-loop, and the termini. Coincidentally, these
three regions also showed the most flexibility in the NMR
models. The remaining portions of the NMR structure (70
amino acids) showed less than 2 A˚ rmsd between the initial
and refined I-domain structure.Structure 22, 830–841, June 10, 2014When comparing the revised procap-
sid model, which includes the NMR
I-domain structure refined in the context
of the 3.8 A˚ cryoEM density map of
the P22 procapsid, with the previously
reported Chen model, residues in theI-domain have an rmsd of 18.64 A˚, while the remaining residues
in the HK97-like core of the capsid protein (220 amino acids)
have an rmsd of 4.45 A˚. Similarly, the mature capsid I-domain
had an rmsd of 18.86 A˚, while the HK97-like core domain has
an rmsd of 4.70 A˚ in comparison with the 4.0 A˚ cryoEM density
map of the P22 virion. The majority of the difference in the
HK97-like core domain can be attributed to a remodeled C termi-
nus of the capsid protein (residues 346–425); the corresponding
I-domain of the Chen model was20 residues larger than that of
the NMRmodel (residues 222–366). To incorporate these 20 res-
idues, two loops were lengthened in the C terminus, resulting in
the occupation of previously unmodeled density. It should also
be noted that the HK97-like core domain of the P22 capsid
protein was modeled only as Cas; bond length and bond geom-
etry remained comparable with the previous Chen models.
Except for the extension of the two loops, the HK97-like core
domain of the P22 capsid protein remained nearly identical to
the Parent and Chen models.
Electrostatic Polarity of the I-Domain Structure
A key feature of the I-domain NMR structure is a markedly asym-
metric distribution of positive and negative charges on the
b-barrel. The antiparallel pairing of strands b1 and b6 closesª2014 Elsevier Ltd All rights reserved 835
Figure 5. Distribution of Charged Residues
in the I-Domain Structure
(A) Ribbon representations of the I-domain NMR
structure showing the locations of acidic (red) and
basic (blue) residues on opposite faces of the
b-barrel.
(B) Electrostatic surface maps corresponding to
the views in (A).
(C) Electrostatic potential map showing the entire
P22 coat protein monomer reconstructed from
cryoEM data in conjunction with the I-domain NMR
structure. The dotted line denotes the binding
interface between the I-domain and the HK97-core
of the coat protein. In the view below, the HK97-
core (left) is separated from the I-domain (right).
The I-domain is rotated by 90 to emphasize the
patch of positive charges (blue) that interacts with
the patch of negative charges (red) on the HK97-
core part of the core protein. The arrows indicate
how the I-domain fits into the HK97-core. Elec-
trostatic potentials were calculated with the
Adaptive Poisson-Boltzmann Solver server (Baker
et al., 2001).
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I-Domain Structure from P22 Coat Proteinthe b-barrel of the I-domain. This side of the b-barrel, which faces
the environment in the assembled capsid, has a predominantly
negatively charged character due to surface-exposed acidic
residues (Figures 5A and 5B, left). Outside the b-barrel, acidic
residues are also present in the D-loop and on the surface of
the a helix on this side of the molecule (Figure 5A). In contrast,
the opposite side of the I-domain that packs against the rest
of the coat protein core structure has a markedly positive char-
acter (Figures 5A and 5B, right). Positively charged basic resi-
dues are present on the surface of the b-barrel, as well as in
the S-loop, while this side of the structure has few if any exposed
acidic groups. In the cryoEMmodel that was refined on the basis
of the NMR structure (Figure 5C), it is clear electrostatic interac-
tions play a key role in docking the I-domain to the HK97-core of836 Structure 22, 830–841, June 10, 2014 ª2014 Elsevier Ltd All rights reservedthe coat protein, as the positive surface of
the I-domain complements a negatively
charged patch on the surface of the
HK97-core of the coat protein.
Inferences about the Function of
the I-Domain from Its Structure
Because the b-barrel structure of the
I-domain is unique among the viral coat
proteins that share the HK97-fold, we
examined the potential functional roles
for this accessory domain. The I-domain
contributes significantly to both coat
protein stability and rapid folding (Suha-
novsky and Teschke, 2013). The revised
cryoEM model based on the I-domain
NMR structure shows that the domain
may also play a role in capsid stabiliza-
tion, consistent with previous suggestions
(Chen et al., 2011). To investigate the role
of the I-domain in capsid stabilization in
both procapsids and mature capsids,the I-domain model was fit to the 4.0 A˚ cryoEM density map of
the P22 mature capsid (Figure 4F), in addition to modeling the
I-domain in the context of the 3.8 A˚ P22 procapsid, described
previously. Starting from the aforementioned procapsid model,
a single subunit in the asymmetric unit was fit using Foldhunter
and then iteratively refined using Phenix (Adams et al., 2011)
andCoot (Emsley andCowtan, 2004). As in the procapsidmodel,
the single refined subunit was transformed into all positions in
the asymmetric unit and refined with Phenix to remove potential
clashes (Figure 4G).
During capsid maturation, the capsid proteins undergo a
rather substantial rigid-body rearrangement, leading to hole
closure (Figures 4F and 4G) and an increase in internal capsid
volume by 10% (Prasad et al., 1993). The overall structure of
Figure 6. Potential Functions of the
I-Domain
(A) Zoomed-in view of the procapsid D-loops at
the two-fold from the interior. Amino acid side
chains of charged residues in the D-loop are
displayed to show the cluster of electrostatic in-
teractions. Given the resolution of the model,
exact locations of side chains are unclear, but the
region shown is highly charged.
(B) Zoomed-in view of the virion D-loops at the
two-fold from the interior. Note the smaller number
of contacts in the mature virion (B) compared with
the procapsid (A).
(C) Stereo diagram showing the least-squares
superposition of the I-domain NMR structure
(purple) and the RIEf fold (cyan) from
S. solfataricus translation IF2g (PDB accession
number 3P3M, chain A, residues 205–325).
(D) Negative-stain electron micrographs of
capsids assembled from coat protein with the
A285T or F170K:A285T substitutions. The mutant
phage particles exhibit multiple tails, indicating
that the portal complex is incorporated at more
than one vertex.
Structure
I-Domain Structure from P22 Coat Proteinthe I-domain in the refined procapsid and mature capsid models
is very similar (Figures 4D and 4E). The most significant differ-
ences are caused by changes in the orientation of neighboring
coat protein subunits at a two-fold axis of symmetry (Figures
6A and 6B; Figure S2). The subunit interface, particularly at
the D-loop of the I-domain and F-loop (Chen et al., 2011) of the
HK97-core, is altered during maturation. In the procapsid, the
D-loop from the I-domain of one coat protein subunit is tucked
in between the I-domain and P-domain of the neighboring
subunit in the adjacent capsomer, whereas the D-loops in the
mature capsid coat protein are located directly across from
each other along the two-fold axis of symmetry. Thus, during
maturation, the tips of the D-loops (N245, D246, and G247) are
shifted 12 A˚ apart at the two-fold axis. Likewise, the two
F-loops (located in the P-domain at a subunit interface, indicated
by the small arrows in Figures 4D and 4E) are closer together in
the procapsid than the mature virion (Figure 6A; Figure S2).
Potential intermolecular salt bridges across the icosahedral
two-fold axis in the procapsid (given the resolution of themodels)
may occur between E81 of the F-loop in the P-domain and K249
of the I-domain D-loop, between R299 of I-domain strand b4 and
D244 of the I-domain D-loop, and between R269 of I-domainStructure 22, 830–841, June 10, 2014strand b2 and D246 of the I-domain
D-loop. The salt bridges are likely to be
important for both assembly and stability
of the procapsid. Accordingly, uncon-
trolled assembly of coat protein, which
occurs to a small extent in the absence
of scaffolding protein, is inhibited by low
concentrations of NaCl (100 mM),
corroborating the important role for elec-
trostatic interactions during assembly. In
the mature capsid, the coat protein
subunits from adjacent capsomers
move apart at the two-fold axis. Theonly remaining I-domain contacts are located at the tips of the
D-loops through residues D244, N245, and D246 (Figure 6B;
Figure S2).
Another potential function for the I-domain is suggested by
a search for structurally homologous folding motifs using the
Dali server (Holm and Rosenstro¨m, 2010). The I-domain shows
structural similarity to a fold classified in the Structured Classifi-
cation of Proteins database (Murzin et al., 1995) as a RIEf com-
mon domain. The top 100 hits in the Dali search were all to RIEf
domains of translation factors, with the top match to a domain
(residues 205–325) in chain A of translation initiation factor 2g
(IF2g) from Sulfolobus solfataricus (PDB accession number
3P3M). The structural superposition of the translation factor
(blue) and I-domain (magenta) is shown in Figure 6B. The struc-
tures, aligned using the program Click (Nguyen et al., 2011),
superpose with an rmsd of 2.6 A˚ over 76 equivalent Ca atoms
in the six-stranded b-barrels (Figure 6B). The topologies of the
six-stranded b-barrels in the two structures are the same. Like
the I-domain, the RIEf domain from IF2g has a small b sheet
and an a helix at the bottom end of the b-barrel, opposite the
chain termini. These smaller supersecondary structure motifs,
however, are not structurally similar between the two proteins.ª2014 Elsevier Ltd All rights reserved 837
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to binding Met-tRNAi
Met during the initiation of translation (Roll-
Mecak et al., 2004). The structural similarity to a module from a
translation initiation factor is intriguing, but there is no known
significance to P22 biology.
Finally, it is worth considering the role the I-domain appears to
play in the incorporation of the portal protein complex. Figure 6D
shows electron micrographs of phage particles from infected
cells that carry mutations in the I-domain. Mutants at position
A285 in the I-domain make petite capsid particles, with T = 4
symmetry (Suhanovsky and Teschke, 2011). In addition to
mature petite particles (Suhanovsky and Teschke, 2011),
normal-sized particles are observed that incorporate two portal
protein complexes, as evidenced by the observation of phage
particles with two tails (Figure 6D). These types of two-tailed
phage particles are never seen after infection with the wild-
type (WT) coat protein. Tailspike proteins only attach to portal
protein after DNA packaging. Because all the other proteins in
the infection used to obtain the two-tailed phage particles are
WT, these results suggest that the mutations in the I-domain
must affect the incorporation of portal protein. Consistent with
this hypothesis, three mutants in the I-domain (V297A, V300A,
and P310A) were isolated as extragenic second-site suppres-
sors of a cold-sensitive portal protein mutant, indicating that
the I-domain portion of the coat protein interacts with portal pro-
tein (Gordon and King, 1993).
DISCUSSION
Many viral coat proteins are built around a conserved HK97-fold
structure. In some cases, nonconserved accessory domains are
included to impart unique properties to the coat proteins. The
NMR structure of the I-domain from bacteriophage P22 folds
into a six-stranded b-barrel structure, not shared by other viral
coat proteins. Using the NMR structure, we improved modeling
of the cryoEM data for the full-length P22 coat protein subunits
assembled into procapsids and phages. Together, the NMR
and cryoEM models shed light on the role of the accessory
I-domain in the function of the phage P22 coat protein.
Some 18 substitutions in P22 coat protein have been identified
that give rise to a temperature-sensitive-folding (tsf) phenotype
(Gordon and King, 1993). These tsf substitutions allow folding
and phage assembly at permissive temperatures but cause
coat protein to aggregate at higher temperatures. All of the tsf
mutants studied thus far lower the stability of the coat protein
compared with the WT (Capen and Teschke, 2000; Doyle
et al., 2003; Foguel et al., 1995; Teschke and King, 1995). To
our great interest, 10 of the 18 tsf substitutions are located in
the I-domain. The NMR structure allows us to rationalize how
these substitutions affect the coat protein (Table S1).
The decreased stability of tsf mutants could be due to an
intrinsic destabilization of the I-domain independent folding
module or to abrogated interactions with the remainder of the
HK97-core of the coat protein. To distinguish between these
possibilities will require folding studies on the effects of the tsf
substitutions on the stability of the isolated I-domain. The NMR
structure of the I-domain, however, offers some clues about
the nature of the tsf substitutions (Figure S1B; Table S1). Four
of the tsf substitutions (G282D, A285T, T294I, and P310A) are838 Structure 22, 830–841, June 10, 2014 ª2014 Elsevier Ltd All righat the interface between the I-domain and the HK97-core of
the coat protein. Substitutions at these positions likely disrupt
interactions between the I-domain and the rest of the coat
protein. Another two tsfmutants (P238S and V297A) are in inter-
mediate locations, close to the interface, and may also disrupt
interactions between the I-domain and HK97-core. The P310A
substitution at the interface is known to affect both the stability
and the folding kinetics of the I-domain by substituting the cis
proline peptide bond with a trans bond (Suhanovsky and
Teschke, 2013). As such, the P310A substitution, which causes
one of the most severe tsf phenotypes (Gordon and King, 1993),
may have dual roles. Four of the tsfmutants are located in strand
b4 (T294I, V297A, V300A, and D302G). Whereas T294I is at the
interface and V297A is in an intermediate position, the V300A
and D302G substitutions are outside of the interface. Neverthe-
less, because these sites are in strand b4, their effects could be
propagated to the I-domain/HK97-core interface through the b
strand. Three of the four tsf substitutions in strand b4 are the
only ones to introduce smaller side chains (V297A, V300A, and
D302G). These could have a destabilizing effect by introducing
energetically unfavorable cavities in the structure. In particular,
V297 and V300 are the only tsf sites in the I-domain with buried
side chains in the NMR structure. The D302G tsf substitution
replaces an aspartate that forms a hydrogen-bonded salt bridge
with H305 to stabilize a tight turn between sheets b4 and b5 in the
NMR structure. The remaining two tsf substitutions, G232D and
S262F, replace surface-exposed side chains on the opposite
face of the b-barrel from the I-domain/HK97-core interaction
interface. Presumably, these affect the intrinsic folding stability
of the I-domain rather than interactions with the remainder of
the coat protein.
Procapsid and capsid stability have been investigated in detail
for three of the I-domain tsf substitutions (G232D, G282D, and
D302G). Procapsids formed from coat proteins carrying these
tsf substitutions are destabilized compared with WT procapsids
(Capen and Teschke, 2000), suggesting that the I-domain may
indeed contribute to the stability of assembled structures.
G282D is located in the mobile S-loop, where it may interact
with the A-domain helix of the HK97-core (Chen et al., 2011;
Parent et al., 2010). The G282D substitution has the smallest
effects on procapsid stability. D302G, which disrupts the salt
bridge with H305, leads to a dramatic destabilization of procap-
sids to urea treatment and thermal denaturation (Capen and
Teschke, 2000). Procapsids with the G232D substitution show
increased rates of dissociation when subjected to pressure or
urea (Foguel et al., 1995), possibly through a destabilization of
the intrinsic stability of the I-domain.
In addition to the b-barrel structure, protein dynamics are likely
to play important roles in the function of the I-domain. In the
isolated I-domain, the long D- and S-loops are flexible on the
basis of NMR relaxation and protease digestion data. Mass
spectrometry in conjunction with FPOP footprinting indicates
that the flexible character of the D- and S-loops is largely
retained in the intact monomeric coat protein. By contrast, the
D- and S-loops become sufficiently ordered to give detectable
electron density when the coat protein is assembled into procap-
sids and virions. In procapsids, the D-loop forms intermolecular
salt bridges between residues D244 and D246 and the basic
residues R269 (b3) and R299 (b4) located on the surface of thets reserved
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ure 6A). In themature virions, these salt bridges are lost, and only
the tips of the D-loops remain in contact across the two-fold
axis through interactions between polar residues (Figure S2).
Recently, the coat protein of HK97 and related phages was
shown to have a glycine rich ‘‘G-loop’’ that also reaches across
capsomers to interact with the E-loop of an adjacent subunit.
Unlike the flexible D-loop in P22’s coat protein, the HK97
G-loop appears to be rigid and is proposed to limit subunit
conformational flexibility during capsomer assembly (Tso et al.,
2014). The role of the D-loop in P22 procapsid assembly is not
well defined and is presently being investigated.
Like the D-loop, the S-loop adopts a fixed structure in the
assembled procapsid and mature virions. A possible salt bridge
is formed between residue K286 of the S-loop and E159 of the
A-domain of the same subunit; however, the low resolution of
the cryoEM maps precludes a definite assignment. Substitution
within the S-loop, such as A285T, can affect capsid diameter,
leading to the formation of petite T = 4 particles and smaller
particles of unknown T number (Suhanovsky and Teschke,
2011). Thus, the intrinsic flexibility of both the D- and S-loops
in the context of an otherwise rigid scaffold formed by the
HK97-fold and the I-domain b-barrel imparts malleability in the
coat protein structure that allows subtle differences in intermo-
lecular association modes. These changes in loop interactions
between coat protein monomers can profoundly affect the
nature of the resulting icosahedral assemblies, resulting in
different diameters for the procapsid and phage particles and
capsids with different triangulation numbers in the presence of
S-loop substitutions such as A285T.
In summary, the I-domain appears to serve multiple functional
roles in the phage P22 coat protein. Studies of folding kinetics
show that the I-domain folds before the remainder of coat protein
andmay thus act as a folding nucleus. A construct of coat protein
that retains the HK97-core but is missing the I-domain is much
more aggregation prone than full-length coat protein (Suhanov-
sky and Teschke, 2013). Consistently, tsf mutants that either
destabilize the I-domain or abrogate interactions at the interface
between the positively charged face of the I-domain and the
negatively charged surface of the HK97-core result in defective
proteins that are susceptible to aggregative misfolding at
nonpermissive temperatures. In addition to its roles in
coat protein folding, the I-domain is also important in capsid
assembly. Two loops that are disordered in both the isolated
I-domain and the full-length coat protein become ordered
when the coat protein assembles into icosahedral particles.
The D-loop forms intermolecular salt bridges that stabilize the
procapsid shell (Figure 6A). The ion pairs are lost in the confor-
mational transition from procapsid to mature virions. A second
disordered segment, the S-loop, also becomes ordered on as-
sembly into icosahedral particles and is the site of substitutions
that affect capsid size. Finally, electron microscopic imaging of
phage particles containing the I-domain substitution A285T
shows an unusual incorporation of multiple tails (Figure 6D).
This together with I-domain mutants that suppress the effects
of cold-sensitive phenotype mutants in the portal protein (Gor-
don and King, 1993) suggests that the I-domain interacts with
the portal protein. Accessory I-domains are found in homologs
of phage P22 such as phages Cus-3 and Sf6, which shareStructure 22,28% and 14% sequence identify with P22 coat protein (Casjens
and Thuman-Commike, 2011; Parent et al., 2012b). It will be of
interest to see if these modules are structurally and functionally
similar to the P22 I-domain. As more structures of coat proteins
with the HK97-fold are characterized, we will achieve a better
understanding of how this versatile structural motif has been
adapted to support folding and capsid assembly in a variety of
viruses.
EXPERIMENTAL PROCEDURES
NMR Structure and Dynamics
Protocols for the expression and purification of the I-domain, together with its
NMR assignments, have been previously described (Rizzo et al., 2013). All
NMR experiments were done on 1.5 mM I-domain samples in 20 mM sodium
phosphate buffer (pH 6.0) containing 0.02% (w/v) NaN3, at a temperature of
37C. Experiments to obtain restraints for structure calculations were
recorded on 600 and 800 MHz Varian Inova NMR spectrometers equipped
with cryogenic probes. Distance restraints were from 3D 15N- and 13C-edited
NOE spectroscopy (NOESY) experiments, together with a 2D 1H-NOESY
spectrum for aromatic ring protons (Table 1). The mixing time for all NOESY
experiments was 150 ms. Hydrogen bonds were identified from a long-range
HNCO experiment (Cordier and Grzesiek, 1999) recorded in transverse relax-
ation-optimized spectroscopy mode on a 2H,13C,15N sample at 800 MHz,
deuterium isotope exchange experiments recorded on I-domain samples
dissolved in 99.96%D2O, andNOE patterns characteristic of secondary struc-
ture. Backbonef and c dihedral angles were calculated from the assignedHN,
Ha, N, Ca, Cb, and C0 chemical shifts using the program TALOS+ (Shen et al.,
2009). Side chainc1 dihedral restraints were obtained fromHNHB experiments
as previously described (Rizzo et al., 2013). The NMR structure of the I-domain
was calculated using the ARIA (Bardiaux et al., 2012) and CNS (Bru¨nger et al.,
1998) programs. The 30 lowest-energy NMR structures (Table 1) have been
deposited in the PDB under accession number 2M5S. Backbone dynamics
for the I-domain were characterized with 15N relaxation experiments and
analyzed in terms of themodel-free formalism (Lipari and Szabo, 1982). Details
of the NMR relaxation experiments used to study the dynamics of the I-domain
are described in Supplemental Experimental Procedures.
FPOP Labeling
Coat protein monomers were subjected to oxidative labeling by H2O2 for short
time periods during photolysis with a laser. Labeling was done by the addition
of 15mMH2O2 to the sample, which was pulsed with a laser with a wavelength
of 248 nm. The labeled samples were digested with trypsin and subsequently
analyzed using mass spectrometry. The data were analyzed for modified and
unmodified tryptic peptides using MASCOT 2.2.06 (Matrix Science). The
extent of modification Emod (from 0 to 1) for each peptide was normalized to
take into account amino acid reactivity differences for hydroxyl radicals; the
result of this is referred to as the modifiable fraction Fmod. Detailed protocols
for labeling and mass spectrometry and analysis of the data are found in Sup-
plemental Experimental Procedures.
Time Course of Trypsin Digestion
Purified I-domain was digested using trypsin with an enzyme/substrate ratio of
1:1,000 at 20C. A sample was removed at the indicated times and quenched
with reducing sample buffer, heated for 5min at 95C, and analyzed using 16%
tricine SDS-PAGE (Scha¨gger and von Jagow, 1987). The identity of the result-
ing peptides was determined using in-gel digestion and liquid chromatography
coupled with tandem mass spectrometry performed by the Vermont Genetics
Network Proteomics Facility.
Fitting the NMR Structure into CryoEM Maps
Residues corresponding to the I-domain NMR structure were removed from
the cryoEM model. The best-fit I-domain structure from the NMR ensemble
was then concatenated with the truncated cryoEM model, followed by con-
strained refinement against the cryoEM density map (Baker et al., 2013) using
the programs Phenix (Adams et al., 2011) and Coot (Emsley and Cowtan,830–841, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 839
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I-Domain Structure from P22 Coat Protein2004). The single-subunit model was then transformed into all subunits in the
asymmetric unit and refined using Phenix (Adams et al., 2011). Further details
can be found in Supplemental Experimental Procedures.
Generation of Two-Tailed Phage
The methods for analysis of in vivo phage production were previously
described (Suhanovsky et al., 2010). Briefly, Salmonella DB7136, transformed
with the plasmid encoding for F170K:A285T or A285T coat protein, was
infected with phage carrying an amber mutation in genes 5 (coat protein)
and 13 (cell lysis). The phage-infected cells were concentrated and lysed,
and the clarified samples were applied to 2.2 ml linear 5% to 20% (w/w)
sucrose gradients. The gradients were centrifuged in a Sorvall RC M120EX
centrifuge with an RP55S rotor for 35 min at 104,8133 g at 20C and fraction-
ated from the top into 100 ml aliquots. The particles were viewed in an FEI
Technai Biotwin Transmission Electron Microscope (nominal magnification
68,0003) operated at 80 kV after negative staining with uranyl acetate.
ACCESSION NUMBERS
The PDB accession number for the NMR structure reported in this paper is
2M5S.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
two figures, one table, and one 3D molecular model and can be found with
this article online at http://dx.doi.org/10.1016/j.str.2014.04.003.
ACKNOWLEDGMENTS
This work was supported by grant R01GM076661 to C.M.T. and a supplement
to C.M.T. and A.T.A. M.L.B. is supported by grants R01 GM079429 and P41
GM103832 from the NIH. The NIH/National Institute of General Medical
Sciences Mass Spectrometry Resource is supported by grant 8P41
GM103422-35. The Vermont Genetics Network is supported through the
INBRE Program of the NIGMS (grant 8P20 GM103449), a component of the
NIH. The contents are solely the responsibility of the authors and do not neces-
sarily represent the official views of NIGMS or NIH.We thank Dr. Marie Cantino
for use of the University of Connecticut Electron Microscopy Center and her
expert guidance in electron microscopy and Mark Maciejewski (University of
Connecticut Health Center) and Vitaliy Gorbatyuk (University of Connecticut)
for assistance in NMR data collection.
Received: February 9, 2014
Revised: April 2, 2014
Accepted: April 7, 2014
Published: May 15, 2014
REFERENCES
Abrescia, N.G., Bamford, D.H., Grimes, J.M., and Stuart, D.I. (2012). Structure
unifies the viral universe. Annu. Rev. Biochem. 81, 795–822.
Adams, P.D., Afonine, P.V., Bunko´czi, G., Chen, V.B., Echols, N., Headd, J.J.,
Hung, L.W., Jain, S., Kapral, G.J., Grosse Kunstleve, R.W., et al. (2011). The
Phenix software for automated determination of macromolecular structures.
Methods 55, 94–106.
Akita, F., Chong, K.T., Tanaka, H., Yamashita, E., Miyazaki, N., Nakaishi, Y.,
Suzuki, M., Namba, K., Ono, Y., Tsukihara, T., and Nakagawa, A. (2007).
The crystal structure of a virus-like particle from the hyperthermophilic
archaeon Pyrococcus furiosus provides insight into the evolution of viruses.
J. Mol. Biol. 368, 1469–1483.
Alexandrescu, A.T., Jahnke, W., Wiltscheck, R., and Blommers, M.J. (1996).
Accretion of structure in staphylococcal nuclease: an 15N NMR relaxation
study. J. Mol. Biol. 260, 570–587.
Baker, N.A., Sept, D., Joseph, S., Holst, M.J., and McCammon, J.A. (2001).
Electrostatics of nanosystems: application to microtubules and the ribosome.
Proc. Natl. Acad. Sci. U S A 98, 10037–10041.840 Structure 22, 830–841, June 10, 2014 ª2014 Elsevier Ltd All righBaker, M.L., Jiang, W., Rixon, F.J., and Chiu, W. (2005). Common ancestry of
herpesviruses and tailed DNA bacteriophages. J. Virol. 79, 14967–14970.
Baker, M.L., Hryc, C.F., Zhang, Q., Wu, W., Jakana, J., Haase-Pettingell, C.,
Afonine, P.V., Adams, P.D., King, J.A., Jiang, W., and Chiu, W. (2013).
Validated near-atomic resolution structure of bacteriophage epsilon15 derived
from cryo-EM and modeling. Proc. Natl. Acad. Sci. U S A 110, 12301–12306.
Bardiaux, B., Malliavin, T., and Nilges, M. (2012). ARIA for solution and solid-
state NMR. Methods Mol. Biol. 831, 453–483.
Bhattacharya, A., Tejero, R., and Montelione, G.T. (2007). Evaluating protein
structures determined by structural genomics consortia. Proteins 66, 778–795.
Brown, J.C., and Newcomb, W.W. (2011). Herpesvirus capsid assembly:
insights from structural analysis. Curr. Opin. Virol. 1, 142–149.
Bru¨nger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P., Grosse-
Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M., Pannu, N.S., et al.
(1998). Crystallography & NMR system: a new software suite for macromolec-
ular structure determination. Acta Crystallogr. D Biol. Crystallogr. 54, 905–921.
Capen, C.M., and Teschke, C.M. (2000). Folding defects caused by single
amino acid substitutions in a subunit are not alleviated by assembly.
Biochemistry 39, 1142–1151.
Casjens, S.R., and Thuman-Commike, P.A. (2011). Evolution of mosaically
related tailed bacteriophage genomes seen through the lens of phage P22
virion assembly. Virology 411, 393–415.
Chen, D.H., Baker, M.L., Hryc, C.F., DiMaio, F., Jakana, J., Wu,W., Dougherty,
M., Haase-Pettingell, C., Schmid, M.F., Jiang,W., et al. (2011). Structural basis
for scaffolding-mediated assembly and maturation of a dsDNA virus. Proc.
Natl. Acad. Sci. U S A 108, 1355–1360.
Cordier, F., and Grzesiek, S. (1999). Direct observation of hydrogen bonds in
proteins by interresidue 3hJNC0 scalar couplings. J. Am. Chem. Soc. 121,
1601–1602.
Doyle, S.M., Anderson, E., Zhu, D., Braswell, E.H., and Teschke, C.M. (2003).
Rapid unfolding of a domain populates an aggregation-prone intermediate that
can be recognized by GroEL. J. Mol. Biol. 332, 937–951.
Earnshaw, W.C., and Casjens, S.R. (1980). DNA packaging by the double-
stranded DNA bacteriophages. Cell 21, 319–331.
Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–2132.
Farrow, N.A., Muhandiram, R., Singer, A.U., Pascal, S.M., Kay, C.M., Gish, G.,
Shoelson, S.E., Pawson, T., Forman-Kay, J.D., and Kay, L.E. (1994). Backbone
dynamics of a free and phosphopeptide-complexed Src homology 2 domain
studied by 15N NMR relaxation. Biochemistry 33, 5984–6003.
Foguel, D., Teschke, C.M., Prevelige, P.E., Jr., and Silva, J.L. (1995). Role of
entropic interactions in viral capsids: single amino acid substitutions in P22
bacteriophage coat protein resulting in loss of capsid stability. Biochemistry
34, 1120–1126.
Fokine, A., Kostyuchenko, V.A., Efimov, A.V., Kurochkina, L.P., Sykilinda,
N.N., Robben, J., Volckaert, G., Hoenger, A., Chipman, P.R., Battisti, A.J.,
et al. (2005a). A three-dimensional cryo-electron microscopy structure of the
bacteriophage phiKZ head. J. Mol. Biol. 352, 117–124.
Fokine, A., Leiman, P.G., Shneider, M.M., Ahvazi, B., Boeshans, K.M., Steven,
A.C., Black, L.W., Mesyanzhinov, V.V., and Rossmann, M.G. (2005b).
Structural and functional similarities between the capsid proteins of bacterio-
phages T4 and HK97 point to a common ancestry. Proc. Natl. Acad. Sci. U S A
102, 7163–7168.
Gordon, C.L., and King, J. (1993). Temperature-sensitive mutations in the
phage P22 coat protein which interfere with polypeptide chain folding.
J. Biol. Chem. 268, 9358–9368.
Hambly, D.M., and Gross, M.L. (2005). Laser flash photolysis of hydrogen
peroxide to oxidize protein solvent-accessible residues on the microsecond
timescale. J. Am. Soc. Mass Spectrom. 16, 2057–2063.
Ha¨user, R., Blasche, S., Dokland, T., Hagga˚rd-Ljungquist, E., von Brunn, A.,
Salas, M., Casjens, S., Molineux, I., and Uetz, P. (2012). Bacteriophage
protein-protein interactions. Adv. Virus Res. 83, 219–298.
Holm, L., and Rosenstro¨m, P. (2010). Dali server: conservation mapping in 3D.
Nucleic Acids Res. 38 (Web Server issue), W545–W549.ts reserved
Structure
I-Domain Structure from P22 Coat ProteinJiang, W., Baker, M.L., Ludtke, S.J., and Chiu, W. (2001). Bridging the informa-
tion gap: computational tools for intermediate resolution structure interpreta-
tion. J. Mol. Biol. 308, 1033–1044.
Jiang, W., Li, Z., Zhang, Z., Baker, M.L., Prevelige, P.E., Jr., and Chiu, W.
(2003). Coat protein fold and maturation transition of bacteriophage P22
seen at subnanometer resolutions. Nat. Struct. Biol. 10, 131–135.
Krupovic, M., Prangishvili, D., Hendrix, R.W., and Bamford, D.H. (2011).
Genomics of bacterial and archaeal viruses: dynamics within the prokaryotic
virosphere. Microbiol. Mol. Biol. Rev. 75, 610–635.
Lipari, G., and Szabo, A. (1982). Model-free approach to the interpretation of
nuclear magnetic resonance relaxation in macromolecules. 1. theory and
range of validity. J. Am. Chem. Soc. 104, 4546–4559.
Maiti, R., Van Domselaar, G.H., Zhang, H., and Wishart, D.S. (2004).
SuperPose: a simple server for sophisticated structural superposition.
Nucleic Acids Res. 32 (Web Server issue), W590–W594.
Morais, M.C., Choi, K.H., Koti, J.S., Chipman, P.R., Anderson, D.L., and
Rossmann, M.G. (2005). Conservation of the capsid structure in tailed
dsDNA bacteriophages: the pseudoatomic structure of phi29. Mol. Cell 18,
149–159.
Murzin, A.G., Lesk, A.M., and Chothia, C. (1994). Principles determining the
structure of beta-sheet barrels in proteins. I. A theoretical analysis. J. Mol.
Biol. 236, 1369–1381.
Murzin, A.G., Brenner, S.E., Hubbard, T., and Chothia, C. (1995). SCOP: a
Structural Classification of Proteins database for the investigation of
sequences and structures. J. Mol. Biol. 247, 536–540.
Nguyen, M.N., Tan, K.P., and Madhusudhan, M.S. (2011). CLICK—topology-
independent comparison of biomolecular 3D structures. Nucleic Acids Res.
39, W24–W28.
Parent, K.N., Khayat, R., Tu, L.H., Suhanovsky, M.M., Cortines, J.R., Teschke,
C.M., Johnson, J.E., and Baker, T.S. (2010). P22 coat protein structures reveal
a novel mechanism for capsidmaturation: stability without auxiliary proteins or
chemical crosslinks. Structure 18, 390–401.
Parent, K.N., Deedas, C.T., Egelman, E.H., Casjens, S.R., Baker, T.S., and
Teschke, C.M. (2012a). Stepwise molecular display utilizing icosahedral and
helical complexes of phage coat and decoration proteins in the development
of robust nanoscale display vehicles. Biomaterials 33, 5628–5637.
Parent, K.N., Gilcrease, E.B., Casjens, S.R., andBaker, T.S. (2012b). Structural
evolution of the P22-like phages: comparison of Sf6 and P22 procapsid and
virion architectures. Virology 427, 177–188.
Patterson, D.P., Schwarz, B., Waters, R.S., Gedeon, T., and Douglas, T.
(2014). Encapsulation of an enzyme cascade within the bacteriophage P22
virus-like particle. ACS Chem. Biol. 9, 359–365.
Pell, L.G., Gasmi-Seabrook, G.M., Morais, M., Neudecker, P., Kanelis, V.,
Bona, D., Donaldson, L.W., Edwards, A.M., Howell, P.L., Davidson, A.R.,
and Maxwell, K.L. (2010). The solution structure of the C-terminal Ig-like
domain of the bacteriophage l tail tube protein. J. Mol. Biol. 403, 468–479.
Pietila¨, M.K., Laurinma¨ki, P., Russell, D.A., Ko, C.C., Jacobs-Sera, D., Hendrix,
R.W., Bamford, D.H., and Butcher, S.J. (2013). Structure of the archaeal head-
tailed virus HSTV-1 completes the HK97 fold story. Proc. Natl. Acad. Sci. U S A
110, 10604–10609.
Prasad, B.V.V., Prevelige, P.E., Jr., Marietta, E., Chen, R.O., Thomas, D., King,
J., and Chiu, W. (1993). Three-dimensional transformation of capsids associ-
ated with genome packaging in a bacterial virus. J. Mol. Biol. 231, 65–74.Structure 22,Prevelige, P.E., Jr., and King, J. (1993). Assembly of bacteriophage P22: a
model for ds-DNA virus assembly. Prog. Med. Virol. 40, 206–221.
Richardson, J.S. (1981). The anatomy and taxonomy of protein structure. Adv.
Protein Chem. 34, 167–339.
Rizzo, A.A., Fraser, L.C., Sheftic, S.R., Suhanovsky, M.M., Teschke, C.M., and
Alexandrescu, A.T. (2013). NMR assignments for the telokin-like domain of
bacteriophage P22 coat protein. Biomol. NMR Assign. 7, 257–260.
Roll-Mecak, A., Alone, P., Cao, C., Dever, T.E., and Burley, S.K. (2004). X-ray
structure of translation initiation factor eIF2gamma: implications for tRNA and
eIF2alpha binding. J. Biol. Chem. 279, 10634–10642.
Scha¨gger, H., and von Jagow, G. (1987). Tricine-sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis for the separation of proteins in the range from
1 to 100 kDa. Anal. Biochem. 166, 368–379.
Shen, Y., and Bax, A. (2010). Prediction of Xaa-Pro peptide bond conformation
from sequence and chemical shifts. J. Biomol. NMR 46, 199–204.
Shen, Y., Delaglio, F., Cornilescu, G., and Bax, A. (2009). TALOS+: a hybrid
method for predicting protein backbone torsion angles from NMR chemical
shifts. J. Biomol. NMR 44, 213–223.
Stivala, A., Wybrow, M., Wirth, A., Whisstock, J.C., and Stuckey, P.J. (2011).
Automatic generation of protein structure cartoons with Pro-origami.
Bioinformatics 27, 3315–3316.
Suhanovsky, M.M., and Teschke, C.M. (2011). Bacteriophage P22 capsid size
determination: roles for the coat protein telokin-like domain and the scaf-
folding protein amino-terminus. Virology 417, 418–429.
Suhanovsky, M.M., and Teschke, C.M. (2013). An intramolecular chaperone
inserted in bacteriophage P22 coat protein mediates its chaperonin-indepen-
dent folding. J. Biol. Chem. 288, 33772–33783.
Suhanovsky, M.M., Parent, K.N., Dunn, S.E., Baker, T.S., and Teschke, C.M.
(2010). Determinants of bacteriophage P22 polyhead formation: the role of
coat protein flexibility in conformational switching. Mol. Microbiol. 77, 1568–
1582.
Sutter, M., Boehringer, D., Gutmann, S., Gu¨nther, S., Prangishvili, D.,
Loessner, M.J., Stetter, K.O., Weber-Ban, E., and Ban, N. (2008). Structural
basis of enzyme encapsulation into a bacterial nanocompartment. Nat.
Struct. Mol. Biol. 15, 939–947.
Suttle, C.A. (2007). Marine viruses—major players in the global ecosystem.
Nat. Rev. Microbiol. 5, 801–812.
Teschke, C.M., and King, J. (1995). In vitro folding of phage P22 coat protein
with amino acid substitutions that confer in vivo temperature sensitivity.
Biochemistry 34, 6815–6826.
Teschke, C.M., and Parent, K.N. (2010). ‘Let the phage do the work’: using the
phage P22 coat protein structures as a framework to understand its folding
and assembly mutants. Virology 401, 119–130.
Tso, D.-j., Hendrix, R.W., and Duda, R.L. (2014). Transient contacts on the
exterior of the HK97 procapsid that are essential for capsid assembly.
J. Mol. Biol. Published online March 20, 2014. http://dx.doi.org/10.1016/j.
jmb.2014.03.009.
Wikoff, W.R., Liljas, L., Duda, R.L., Tsuruta, H., Hendrix, R.W., and Johnson,
J.E. (2000). Topologically linked protein rings in the bacteriophage HK97
capsid. Science 289, 2129–2133.830–841, June 10, 2014 ª2014 Elsevier Ltd All rights reserved 841
